Cavity quantum optomechanics with an atom-array membrane by Shahmoon, Ephraim et al.
Cavity quantum optomechanics with an atom-array membrane
Ephraim Shahmoon,1, 2 Dominik S. Wild,2 Mikhail D. Lukin,2 and Susanne F. Yelin2, 3
1Department of Chemical & Biological Physics, Weizmann Institute of Science, Rehovot 761001, Israel
2Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
3Department of Physics, University of Connecticut, Storrs, Connecticut 06269, USA
(Dated: June 4, 2020)
We consider a quantum optomechanical scheme wherein an ordered two-dimensional array of laser-
trapped atoms is used as a movable membrane. The extremely light mass of the atoms yields very
strong optomechanical coupling, while their spatial order largely eliminates scattering losses. We
show that this combination opens the way for quantum optomechanical nonlinearities, well within
the ultimate single-photon strong-coupling regime. As an example, we analyze the possibility to
observe optomechanically induced quantum effects such as photon blockade and time-delayed non-
classical correlations. We discuss novel opportunities opened by the optomechanical backaction on
the internal states of the array atoms.
The field of quantum optomechanics deals with non-
linear phenomena formed by the backaction of radiation
pressure on light. It is typically studied in a cavity set-
ting, where light that circulates in the cavity pushes a
reflector, e.g. an internal membrane, whose position de-
termines the cavity resonance frequency and hence the
phase of the light (Fig. 1a) [1–4]. This optomechanical
nonlinearity plays an important role in various quantum
technologies [5–7], and has lead to great advancements
such as ground-state cooling of massive objects [8–12]
and optomechanical quantum squeezing [13–20].
Nevertheless, all optomechanical phenomena observed
thus far rely on strong optical driving and are limited to
Gaussian quantum statistics [1]. Few-photon optome-
chanical nonlinearities, wherein the radiation pressure
exerted by a single photon appreciably affects the phase
of a subsequent photon [21, 22], remain unattainable due
to inherent limitations of current platforms. For exam-
ple, the optomechanical coupling of a typical membrane
scheme [4] (Fig. 1a) is limited by the mechanical sus-
ceptibility of the clamped bulk membrane, which is too
small to be appreciably pushed by a single photon. Re-
placing the membrane with a laser-trapped atomic cloud
(Fig. 1b) [23–27] greatly enhances the optomechanical
coupling, however, at the price of increased dissipation
caused by transverse scattering from the atoms.
In this Letter, we show how these limitations can be
circumvented by using the scheme illustrated in Fig.
1c, wherein the role of the intra-cavity membrane is
played by an ordered two-dimensional (2D) array of laser-
trapped atoms, such as a 2D optical lattice or tweezer
array [28–32]. Similar to a disordered atomic cloud, the
large mechanical susceptibility of trapped atoms yields
very strong optomechanical coupling. The crucial dif-
ference, however, is that the spatial order of the array
results in a highly directional coupling to light, such that
light is scattered almost entirely into the cavity mode
and the cavity linewidth remains very small. Therefore,
the atom array combines the advantages of both a solid
membrane and an atom cloud, namely, directional scat-
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FIG. 1: Cavity optomechanics schemes. (a) Membrane: po-
sition zˆ affects the resonance frequency of the cavity mode
aˆ (width κc due to mirror outcoupling). (b) Atom-cloud:
zˆ is the center-of-mass coordinate of the atoms. Total cav-
ity decay, κ = κc + κsc, includes transverse photon scatter-
ing from atoms κsc. (c) 2D atom-array: N two-level atoms
(σˆn, n = 1, ...,N ) span the xy plane with lattice spacing a
(Na2  piw2; w is cavity-mode waist). Motion zˆn is assumed
only along z axis. (d) Photon energy levels of Hamiltonian
(1) (Ω = 0). The levels n1 = 0, 1, 2, ... (width κ) acquire a
nonlinear shift −Gn21.
tering (low loss) and large optomechanical coupling, re-
spectively. We show that this combination leads to op-
tomechanical parameters that allow to reach the single-
photon regime with current technologies. As an illustra-
tion, we find the emergence of non-classical correlations
such as photon blockade and time-periodic photon corre-
lations mediated by phonons.
Single-photon nonlinearity via optomechanics.— To
understand the key idea of this work, we consider the
system from Fig. 1a, which can be modeled by the Hamil-
tonian
H = ~ωcaˆ†aˆ+~gaˆ†aˆ(bˆ+bˆ†)+~ωmbˆ†bˆ+~
(
Ωe−iωLtaˆ† + h.c.
)
.
(1)
Here aˆ and bˆ are the cavity photon and mechanical
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2phonon bosonic modes with frequencies ωc and ωm, re-
spectively. The corresponding mechanical coordinate is
zˆ = x0(bˆ + bˆ
†), with x0 the zero-point motion. For
the case of trapped atoms (Figs. 1b,c), where x0 =√
~/(2mωm) with atom mass m, we assume motion only
along the longitudinal z-axis (tight transverse confine-
ment). The optomechanical coupling g is related to the
cavity frequency shift per phonon amplitude. The cavity
mode has a linewidth κ which together with g and ωm
constitute the three basic optomechanical parameters.
The energy levels of Hamiltonian (1) (without drive,
Ω = 0) are given by En1n2 = ~(ωc − Gn1)n1 + ~ωmn2,
where G = g2/ωm is the nonlinear frequency shift per
photon [21, 22], as depicted in Fig. 1d for photon num-
bers n1 = 0, 1, 2 and a given (non-negative) integer n2.
To observe nonlinearities at the single-photon level, we
need a shift G larger than the width κ. For a pho-
ton blockade we further require the sideband-resolved
regime [21], leading, respectively, to the two conditions
g2/ωm  κ, (2a) ωm > κ. (2b)
In the following, we use this pair of requirements as a
benchmark for single-photon nonlinearity.
Let us now consider the optomechanical parameters of
the different schemes from Fig. 1, summarized in Table
I. The optomechanical coupling g is always proportional
to the Lamb-Dicke parameter η = qx0 = (ωc/c)x0 (me-
chanical trap stiffness). For a suspended bulk membrane
(Fig. 1a) we have η ∼ 10−7 (x0 ∼ 10−14 m) [1, 4, 33],
and g is typically much too small to satisfy condition
(2a). For the atom cloud from Fig. 1b, where zˆ is the
center-of-mass coordinate of the laser-trapped atoms, the
situation is greatly improved with η ∼ 10−1 (x0 ∼ 10−8
m) and g ∝ η√NReχ, benefiting also from the atom
number N [23]. Here χ = −γ/(2δ + iγ) is proportional
to the electric susceptibility of the cloud, modeled by
two-level atoms with free-space emission rate γ and fre-
quency ωa (δ = ωc−ωa being the cavity-atom detuning).
Its imaginary part, related to photon scattering to modes
outside of the cavity, gives a substantial contribution to
the linewidth, κsc ∝ N Imχ, on top of the intrinsic cav-
ity linewidth κc. This typically leads to the invalidity
of condition (2b) [and possibly also (2a)]. Considering
the atom-array case (Fig. 1c), we find below that g is
similar to that of the atom cloud. However, for small
fluctuations in the ordered-array positions (η  1), in-
terference reduces the outside scattering κsc by a factor
η2. The resulting favorable scaling g ∝ η and κsc ∝ η2,
with ωm = ER/(~η2) [ER = ~2q2/(2m)] and η ∼ 0.1,
then allows to satisfy both conditions (2), as illustrated
further below.
Atom-array membrane.— We now turn to a detailed
analysis of the many-particle, multimode atom-array sys-
(a) membrane (b) atom cloud (c) atom array
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TABLE I: Optomechanical parameters g and κ for the differ-
ent schemes from Fig. 1 (a, b, c). Here l is the cavity length,
F its finesse, w the waist of the cavity mode, η the Lamb-
Dicke parameter, N the number of atoms within the waist
(N = piw2/a2 for the array), q = ωc/c, and α = 21/5. The
trap equilibrium position z0 = (M + 1/2)pi/2q (M integer) is
taken. Compared to the atom cloud, the array exhibits a co-
operative shift ∆ and a suppression by η2 of outside scattering
κsc = κ− κc.
tem, showing that it can be mapped to the simple model
(1) with the parameters from Table I(c). Before we dis-
cuss the derivation of this mapping [34], we explain its
physical origin.
For a square 2D array with lattice spacing a . λ =
2pi/q, multiple scattering of light between atoms (dipole-
dipole interaction) may become significant and atoms
cannot be treated as individual dipoles with the reso-
nant frequency ωa. Instead, the normal dipole modes
for an array in free space become lattice Fourier modes
k⊥ = (kx, ky) (kx,y ∈ {−pi/a, pi/a}), with a lowering op-
erator and cooperatively shifted resonance [35],
σˆk⊥ =
1√N
N∑
n=1
e−ik⊥·r
⊥
n σˆn and ωk⊥ = ωa + ∆k⊥ ,
(3)
respectively. Here σˆn is the lowering operator of a two-
level atom n at fixed xy lattice point r⊥n and N is the
number of array atoms (Fig. 1c). By lattice symme-
try, a collective dipole mode σˆk⊥ only couples to propa-
gating photons with the same transverse wavevector k⊥
[36]. Therefore, to zeroth order in the motion, where
all atoms are at their identical longitudinal equilibrium
positions, zˆn → z0, and the array is perfectly ordered
(Fig. 2a), the transversely confined cavity mode can ex-
cite only spatially matched dipole modes, which cannot
scatter to outside, non-confined photon modes, resulting
in κsc = 0. To first order in motion, the mechanical col-
lective coordinate zˆ, to which the cavity mode couples,
inherits the latter’s Gaussian profile with waist w (Fig.
2b)
zˆ =
∑
n
V 0n zˆn = x0(bˆ+ bˆ
†), V 0n =
2√
pi
a
w
e−2(r
⊥
n /w)
2
.
(4)
The resulting coupling between bˆ and aˆ, g from Table
I(c), resembles that of the atom-cloud scheme includ-
ing the additional cooperative shift ∆k⊥ ≈ ∆0 ≡ ∆ of
the paraxial (k⊥ → 0) collective dipoles excited by the
cavity field. Turning to second order, the differences in
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FIG. 2: Atom-array membrane. (a) Without motion the
array is perfectly ordered (zn = z0 ∀n, k⊥ conserved by
array), and the confined cavity mode aˆ interacts only with
spatially-matched, confined wavepackets of collective dipoles
σˆk⊥ , so that scattering to outside, non-confined modes van-
ishes, κsc = 0. (b) To first order in motion, we identify the
optomechanically relevant collective coordinate zˆ, which in-
herits the Gaussian profile of the cavity mode, V 0n [Eq. (4)].
To second order, motion also perturbs the otherwise perfectly-
flat array, zn 6= zn′ , leading to outside scattering, κsc ∝ η2.
longitudinal positions zn 6= zn′ caused by the motion
(Fig. 2b) perturb the perfect lattice symmetry, giving
rise to coupling between the cavity-confined and the de-
caying, non-confined dipole modes, and subsequently to
outside scattering κsc (reduced by a factor η
2 compared
to the atom-cloud case). A complementary, conservative
second-order optomechanical coupling also exists, cap-
tured by the additional Hamiltonian term
H2 = ~g2(bˆ+ bˆ†)2aˆ†aˆ, g2 = cos(2qz0)η2
c
l
γ
δ −∆
4
q2w2
.
(5)
For the equilibrium position z0 = (M + 1/2)pi/2q (M
integer) chosen in Table I(c), which maximizes g [34],
cos(2qz0) = 0 and H2 vanishes (as typical for membrane
schemes [4]).
Before we discuss the consequences of the optomechan-
ical parameter regime of the atom array, we briefly out-
line the derivation of the mapping to the simple model
(1) starting from a complex system involving many atoms
and photonic modes, following the formalism developed
in [34]. The atoms possess both internal and motional
degrees of freedom [σˆn and zˆn = x0(bˆn + bˆ
†
n)], while
the photon modes, spanning 3D space (mode indices
{µ}), are divided into transversely confined modes, out
of which we consider a single cavity mode aˆ, and to non-
confined modes (“µ ∈ nc”) aˆµ with mode functions uµ(r).
The full Hamiltonian is H = HA + HP + HAP with
HA = ~ωa
∑
n σˆ
†
nσˆn + ~ωm
∑
n bˆ
†
nbˆn and
HP = ~ωcaˆ†aˆ+ ~
(
Ωe−iωL aˆ† + h.c.
)
+
∑
µ∈nc
~ωµaˆ†µaˆµ,
HAP = ~
∑
n
[
2gn sin(qzˆn)aˆ−
∑
µ∈nc
igµ(rˆn)aˆµ
]
σ†n + h.c.,
(6)
where gn ∝ e−(r⊥n /w)2 and gµ(rˆn) ∝ uµ(rˆn) are the dipole
couplings to the cavity and non-confined modes, respec-
tively, and rˆn = (r
⊥
n , zˆn). The mapping to (1) is derived
using the following steps [34].
(1) Generic treatment of non-confined modes: Eliminat-
ing the modes aˆµ as a Markovian reservoir, we derive the
Heisenberg-Langevin equations for σˆn, bˆn and aˆ, includ-
ing the additional damping of aˆ via the mirrors (κc). The
resulting equation for σ˜n = e
iωLtσˆn is (atoms assumed far
from saturation),
˙˜σn = iδσ˜n − i2gn sin(qzˆn)a˜−
∑
n′
D(rˆn, rˆn′)σ˜n′ + Fˆn, (7)
where Fˆn is a Langevin noise and the corresponding equa-
tions for bˆn and a˜ = e
iωLtaˆ can be found in [34]. Here
D(r, r′) = −i(3/2)γλ∑µ∈nc uµ(r)u∗µ(r′)(ωµ/c)2−q2 is the dipole-
dipole interaction kernel mediated by the non-confined
modes. A crucial step in our approach is finding an ap-
proximation for D(r, r′) which is independent of the spe-
cific cavity structure and mode functions uµ(r), but that
correctly accounts for the directional coupling of the ar-
ray with light. Specifically, for a collective dipole whose
spatial profile matches that of a cavity-confined mode we
identify that: (i) the collective dipole does not emit to
outside, non-confined modes (Fig. 2a); (ii) its coopera-
tive shift is dominated by near fields and is therefore well
approximated by its value in free space ∆. A generic way
to satisfy these requirements is to take [34]
D = DFS −Dc, with Im[D] ≈ Im[DFS], (8)
respectively, where DFS is the dipole-dipole kernel in free
space and Dc is that mediated by transversely confined
modes (e.g. Hermite-Gauss modes).
(2) Small amplitude motion: Writing zˆn = z0 + δzˆn we
expand all quantities to second order in qδzˆn, finding e.g.
D(rˆn, rˆn′) ≈ D(r⊥n , r⊥n′) + Jˆnn′ with Jˆnn′ ∝ (δzˆn− δzˆn′)2
[34]. For Eq. (7) with (8) and transforming to collective
dipoles (3), we obtain [34]
˙˜σk⊥ = i(δ −∆k⊥)σ˜k⊥ −
∑
k′⊥
[γk⊥k′⊥
2
+ Jˆk⊥k′⊥
]
σ˜k′⊥ + Bˆk⊥ ,(9)
where Bˆk⊥ is an expression involving a˜, zˆn and Fˆn [34].
The mixing of different k⊥ modes via the zeroth-order-
motion kernel γk⊥k′⊥ ∝ Re[D(r⊥n , r⊥n′)] does not lead to
outside scattering, as guaranteed by Eq. (8). Coupling to
non-confined modes is established however via the “dis-
order” kernel Jˆk⊥k′⊥ ∝ Jˆnn′ = O(δzˆ2n) ∝ η2 (Fig. 2b).
(3) Large detuning: Assuming |δ − ∆k⊥ | 
γk⊥k′⊥ ,
˙ˆzn/zˆn, ˙˜a/a˜, we adiabatically eliminate the inter-
nal atomic states σ˜k⊥ and obtain coupled equations
for a˜ and bˆn. Moving to orthonormal collective modes
bˆν =
∑
n V
ν
n bˆn, with the ν = 0 mode being that from
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FIG. 3: Realistic optomechanical parameters for an atom
array. Using Table I(c) (with ~ωm = ER/η2), the sideband-
resolved (ωm/κ) and blockade (g
2/κωm) parameters from con-
ditions (2) are plotted as a function of realistic physical-
system parameters. The single-photon regime (values above
0 in both plots) can be reached for a variety of cavity lengths
l, mode waists w and Lamb-Dicke parameters η. Here F =
150000, a/λ = 0.6, (δ − ∆)/γ = (150/4pi)(λ/a)2, λ ≈ 800
nm, and γ = 1620ER/~ = 2pi × 6 MHz. In (b) η = 0.15 (i.e.
ωm/2pi = 165 kHz).
Eq. (4), we find
˙ˆ
bν = −iωmbˆν − igaˆ†aˆδ0ν − i
∑
ν′
Mνν′
(
bˆν′ + bˆ
†
ν′
)
aˆ†aˆ.
(10)
Here g is that from Table I(c) including a prefactor
sin(2qz0), andMνν′ ∝ η2 (noting that light-induced fric-
tion is negligible in the few-photon regime) [34].
(4) Single mechanical mode: Eq. (10) reveals that only
the mode ν = 0 is directly coupled to the cavity, whereas
all other modes are coupled to each other and to aˆ at
order η2. Treating this coupling perturbatively, we elim-
inate the modes ν 6= 0 and obtain coupled equations for
aˆ and bˆ, whose conservative part obeys Hamiltonian (1)
[including (5)], and with a cavity damping (and associ-
ated quantum noise) κ from Table I(c) [34].
Ultrastrong quantum optomechanics.— With the map-
ping to (1) and the expressions for g, κ and ωm =
ER/(~η2) in hand [Table I(c)], we present in Fig. 3
the combined parameters from conditions (2), as a func-
tion of physical parameters of realistic cavity and atom-
array systems. In all plots we use finesse F = 150000
[24, 37], lattice spacing a/λ = 0.6, detuning (δ−∆)/γ =
(150/4pi)(λ/a)2, λ ≈ 800 nm, and γ = 1620ER/~ =
2pi× 6 MHz (the latter for 87Rb atoms). Beginning with
the resolved sideband condition (2b), we observe in Fig.
3a that it is achievable with a centimeter-scale cavity
length l and a variety of trapping strengths η. In Fig.
3b we plot the blockade condition (2a) for η = 0.15 (cor-
responding to ωm/2pi = 165 kHz) as a function of the
length l and mode waist w and find that it is satisfied for
waists up to at least 30 µm.
As an illustration of observable single-photon effects,
we choose a specific set of physical parameters η = 0.15,
w = 15 µm, and l = 3.2 cm, yielding the model pa-
FIG. 4: Non-classical photon statistics in the ultrastrong
regime (g/ωm = 0.49 and κ/ωm = 0.275; see text for corre-
sponding physical-system parameters). (a) g(2)(0) as a func-
tion of laser-cavity detuning δL = ωL−ωc. Strong antibunch-
ing (photon blockade) is observed at several detunings, with
the optimum around δL = −g2/ωm (vertical dashed line).
Additional resonances result from multiphonon excitations.
(b) g(2)(τ) for δL = −g2/ωm (blue) and δL = −g2/ωm − ωm
(red). In the former, antibunched correlations at τ = 0 relax
to a value below 1 due to phonon excitation and memory. In
the latter, non-classical correlations, g(2)(τ) > g(2)(0) > 1,
are exhibited at times τ with the phonon period 2pi/ωm.
rameters g/ωm = 0.49 and κ/ωm = 0.275. Using a quan-
tum trajectories semi-analytic approach [38], we calculate
the dynamics of Hamiltonian (1) with cavity damping κ
and weak driving Ω κ, finding the second-order coher-
ence of the cavity field g(2)(τ) = 〈aˆ
†(t)aˆ†(t+τ)aˆ(t+τ)aˆ(t)〉
〈aˆ†aˆ〉2(t) in
steady-state, for an initial vacuum state of the cavity and
motion. In Fig. 4a we plot g(2)(0) as a function of the
laser-cavity detuning, δL = ωL − ωc, finding antibunch-
ing, g(2)(0) < 1, and hence photon blockade. For the op-
timal detuning δL = −g2/ωm [21], we also plot the time-
delayed correlation g(2)(τ) and observe its relaxation at
a time scale 1/κ from antibunching towards small steady
oscillations at mechanical frequency ωm around a value
lower than 1. This behavior signifies the excitation of the
collective phonon mode bˆ of the array and the resulting
memory of photon correlations it mediates. This mem-
ory effect is absent in typical photon nonlinearities via
two-level systems, and can lead to non-classical features
beyond photon-blockade. For example, choosing the de-
tuning δ = −g2/ωm − ωm, where antibunching does not
occur g(2)(0) > 1, we observe violation of classicality,
g(2)(τ) > g(2)(0) > 1 [40], at delay-times τ with a period
2pi/ωm.
We note that these quantum effects can be observed by
modifying established atom-cloud systems if the atoms
are trapped in a lattice instead of in a disordered cloud.
For example, results similar to Fig. 4 are achievable with
the system reported in Ref. [37] (wherein F = 340000,
w = 30 µm, and l = 5 cm) for atoms loaded to a lattice
with a/λ = 0.68 (532nm/780nm) and η = 0.2 (ωm/2pi =
92 kHz) [34].
Discussion.— By combining the strong mechanical
susceptibility with the cooperative directional scatter-
5ing of an atom array, this work paves the way for
the exploration of few-photon regimes of optomechan-
ics. Considering the utility of single-photon nonlinear-
ities in quantum information [41–51], it could be inter-
esting to explore how the memory associated with the
phonon-induced nonlinearity discussed above may be ex-
ploited to generate complex many-body entangled states
[43, 52]. Moreover, it is natural to extend the study of the
single-photon regime to the case where the second-order
coupling (5) becomes dominant.
Qualitatively new opportunities are opened by consid-
ering multiple internal atomic states. In contrast to a
solid membrane, characterized by a fixed dielectric re-
sponse, the atom-array membrane is made of a quantum-
coherent “dielectric” whose internal, many-body state
is affected by the optomechanical nonlinearity. For ex-
ample, the non-classical statistics revealed for the cav-
ity field could potentially be mapped to internal atomic
states. This extends the study of optomechanics to con-
sider the backaction, not only on light, but also on the
internal quantum state of the membrane. Furthermore,
this backaction may be enhanced by operating our pro-
posed scheme at cooperative resonance (δ = ∆), where
a variety of collective dipolar effects are predicted even
without a cavity [35, 53–61], including novel multimode
optomechanics [62, 63].
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